By means of inelastic neutron scattering we investigate finite temperature dynamics in the quantum spin ladder compound (C5H12N)2CuBr4 (BPCB) near the magnetic field induced quantum critical point with dynamical exponent z = 2. We observe universal finite-temperature scaling of the transverse local dynamic structure factor in spectacular quantitative agreement with longstanding theoretical predictions. At the same time, already at rather low temperatures, we observe strong non-universal longitudinal fluctuations. To separate the two, we make use of an intrinsic legexchange symmetry of the spin ladder. Complementary measurements of specific heat also reveal striking scaling behavior near the quantum critical point.
Scaling is one of the cornerstone concepts in modern physics and plays a key role in understanding critical phenomena, particularly quantum phase transitions (QPTs) [1] [2] [3] [4] . Near criticality all physical properties are described by a set of critical exponents and scaling functions. These are universal and only depend on the symmetry and dimensionality of the problem (the universality class of the transition), but not on the microscopic details of the Hamiltonian [5] . Unfortunately, the actual computation of critical exponents and particularly the scaling functions is rarely possible analytically [6] . When it is though, these exact results can be quantitatively applied to real word phase transitions, without knowing almost anything about the microscopic details of the experimental system.
One notable analytically solvable case are fieldinduced quantum phase transitions in one-dimensional (d = 1) quantum Heisenberg antiferromagnets (HAFs) between their various gapped and gapless phases. These transitions are understood in terms of a "condensation" of bosonic quasiparticles with a hard-core repulsion, where the magnetic field plays the role of a chemical potential [7, 8] . The dynamical critical exponent is z = 2. All other critical exponents [7] [8] [9] and scaling functions are also known excatly [8, 10, 11] . A series of recent experiments on the S = 1/2 chain compound Cu(pz)(NO 3 ) 2 [12] [13] [14] [15] [16] [17] and the spin ladder system (C 5 H 12 N) 2 CuBr 4 (BPCB) [18, 19] have provided a spectacular verification of the predicted scaling behavior of thermodynamic quantities and quasistatic local fluctuations. However, the scaling functions for spatial and temporal correlations at this transition are also fully universal. Calculating them exactly is a formidable task, but has been accomplished [10, [20] [21] [22] [23] . Can they be also measured experimentally?
One recent attempt was made in inelastic neutron scattering experiments on the spin chain compound K 2 CuSO 4 Cl 2 near magnetic saturation [23] . The measurement of quantum critical correlations largely failed due to an unexpected problem: for spin chains, the relevant scattering from critical spin fluctuations transverse to the applied magnetic field overlaps with that from strong non-critical longitudinal fluctuations. In the present work we overcome this seemingly insurmountable hurdle by performing similar measurements on a spin ladder material, and exploiting the ladder's intrinsic rung-exchange symmetry to separate the two types of scattering. We measure the scaling function for the local dynamic structure factor over one and a half decades in ω/k B T and find a good agreement with exact results for hard core bosons. We also measure the scaling of specific heat, and discuss some peculiar non-universal features of the excitation spectrum.
Our target compound is the well known strong-rung HAF S = 1/2 ladder system (C 5 H 12 N) 2 CuBr 4 (BPCB) [24] . The spin ladders are formed by magnetic Cu
2+
cations linked by super-exchange bridges via Br − anions [25] . They run along the a axis of the monoclinic crystal structure (P2 1 /c, a = 8.49, b = 17.22, c = 12.38Å, β = 99.3
• [24] ), and are well separated by non-magnetic organic piperidinium molecules (Fig. 1) . The ground state is a quantum spin singlet [26] with a gap ∆ ≈ 0.8 meV in the magnetic excitation spectrum [25] . In an applied magnetic field the degeneracy of the triplet band is lifted by the Zeeman effect [27] . The present work is focused on the z = 2 quantum phase transition that occurs at a critical magnetic field H c = 6.66(6) T applied along the crystallographic b axis [28] , at which the gap for the lowest magnon branch closes and the ladder starts to get magnetized [18, 27] . For all our measurements we use fully deuterated single crystal BPCB samples grown from a saturated ethanol solution by slow evaporation.
As a first step, we verify that the thermodynamics of the transition is quantitatively consistent with exact results for the d = 1, z = 2 quantum critical point. The scaling form of specific heat is given by
−zν is the scaled magnetic field. The spin stiffness m = 2 /J Min , J Min /k B = 5.07(10) K is directly determined from the measured magnon dispersion (see supplement, [29] ). Due to universality, the scaling exponents a = 1/2 and zν = 1 and the scaling function
are exactly as for a gas of non-interacting Fermions with a quadratic diespersion [8, 11] . Note that Eq. 1 contains no arbitrary scaling factors [8] . It is plotted in Fig. 2b ) as a solid line.
To compare this prediction to experiment, we carried out relaxation measurements of the magnetic specific heat of BPCB in a wide range of magnetic fields and temperatures around the transition. The data were collected on a 0.72(4) mg single crystal using a Quantum Design PPMS equipped with a 3 He-4 He dilution refrigerator insert. A calculated small nuclear spin contribution and a phonon contribution extrapolated from high temperatures were subtracted from the measured data. Typical data are shown in Fig. 2a . In agreement with expectation, at H < H c where the spectrum is gapped, the heat capacity shows characteristic activation behavior. At H > H c , on the other hand, the observed temperature dependence is linear, characteristic of the gapless Tomogana-Luttinger liquid (TLL) regime [30] . To independently determine whether the data obey scaling, we adopted the approach described in Ref. [13] . For every pair of critical exponents (a, zν) the scaled specific heat C p T −a was fit to a 5 th degree polynomial of the scaled field r = gµ B µ 0 (H − H c )(k B T ) −zν . The mean squared error (MSE) of the fit then serves as an empirical measure for the quality of the data collapse. Only data close to the critical point, with 0.17 ≤ T ≤ 0.5 K and |r| ≤ 4 were included. The resulting MSE landscape is plotted vs. a and zν in the inset in Figure 2b . Optimal scaling is found for a = 0.57(10) and b = 1.01 (10) , in agreement with the theoretical values a = 1/2 and zν = 1. In fact, the latter produce an excellent data collapse, as plotted in symbols in Fig. 2b) , where all data points in the range 0.17 ≤ T ≤ 0.5 K were considered. A spectacular agreement with the exact theoretical scaling function is obtained with no adjustable parameters, not even an overall scale factors. This validates BPCB and the corresponding field-induced transition as a suitable realization of the d = 1, z = 2 QCP. At T < 0.17 K small 3D interactions are relevant [31, 32] , whilst for T > 0.5 K we also begin to observe deviations from scaling.
The main purpose of this work is a direct measurement of the scaling function for the dynamic spin structure factor. For a spin ladder, the total spin structure factor (spatial and temporal Fourier transform of the spin correlation function) S αα (Q, ω) can be decomposed into its symmetric and antisymmetric parts, S αα + (q , ω) and S αα − (q , ω), respectively [33, 34] . Here q = Q · a is the wave vector transfer along the leg a of the spin ladder, which for BPCB coincides with the crystallographic a axis. These two structure factors represent correlations between the sums and differences of the two spins on each ladder rung, correspondingly. In the transition at hand, due to antiferromagnetic interactions on the ladder rungs in BPCB, it is the antisymmetric fluctuations that become critical. The dynamic structure factor is a tensor quantity, but it is the spin components that are transverse to the applied field that become critical. Thus, in regard to universal critical dynamics, the quantity of interest is S ⊥ − (q , ω). Here, we focus on the q -integrated local dynamic structure factor.
What we seek to experimentally verify is that it follows the predicted scaling form [8] 
with a completely universal scaling function Φ(x) that is known exactly [8, 10, 20, 21, 23] . For BPCB we measured the dynamic structure factor in inelastic neutron scattering experiments [35] . For this we employed 4 fully deuterated single crystal samples of total mass 2.07 g, co-aligned to better than 1
• effective mosaic spread. The measurements were carried out at the LET cold neutron time of flight spectrometer [36] at the ISIS facility, using neutrons of a fixed 2.2 meV incident energy. The sample was mounted on a 3 He-4 He dilution refrigerator in a 9 T cryomagnet, with the field applied vertical along the crystallographic b direction (z axis in our notation). Since all experimental scattering vectors lie close to the horizontal (x, y) plane, for unpolarized neutrons, to a good approximation, the measured scattered intensity is given by
Here the rung structure factors are given by the spatial orientation of the rungs of the ladders [33, 34] 4s
where d 1,2 are the rung vectors of the two inequivalent ladders in BPCB as shown in Fig. 1 [37] . An overview of our neutron scattering data collected near the critical field is given by the false color intensity plots in Figs. 3a-f ). These intensities were integrated along the non-dispersive b * and c * directions, and therefore contain scattering from both symmetric and antisymmetric excitations. The background for all data shown in this work was collected at zero applied field at base temperature, where we assumed there to be no magnetic scattering other than in a single resolution-limited magnon band between 0.8 and 1.5 meV energy transfer [25] .
The three Zeeman-split magnon branches are clearly visible in our experiments (the upper one is beyond the range of the plots shown). The critical fluctuations that are of primary interest here are descendants of the lower branch that undergoes softening. From the data shown it is obvious that at H > H c (Fig. 3c and d) , but also at the critical field at elevated temperatures ( Fig. 3e and f) this part of the spectrum additionally contains a vague "inverted" band of excitations. This feature closely resembles what is observed in Heisenberg S = 1/2 spin chains near the field of saturation [23] . A direct connection is established by the spin-ladder to spin-chain mapping described in Ref. [33] , and identifies the additional signal as due to non-critical longitudinal spin fluctuations [23] . As in the case of spin chains, these longitudinal excitations rapidly gain spectral weight as the ladder is magnetized (be it by increasing the magnetic field beyond H c or or by thermally populating the low-energy magnon band). Eventually they become impossible to separate from the transverse universal spin fluctuations that we are interested in. This is where the advantage of a spin ladder over a spin chain comes into play. It is well understood that the low-energy longitudinal excitations are due to scattering within the lower magnon band, conserve the number of magnons and therefore lie in the symmetric structure factor [33] . This distinguishes them from the universal fluctuations which are antisymmetric. To separate the two, at every fixed q , we obtain two intensities by integrating over a restricted range in q ⊥ where
. These two intensities are predominantly due to symmetric or anti-symmetric scattering, respectively, but also contain small contributions of the alternative components. The coefficients are easily calculated and by solving a system of two linear equations we determine the symmetric and antisymmetric structure factor contributions at every point in (q , ω). In application to BPCB, the antisymmetric rung structure factor s − (Q) is shown in a false color plot in Fig. 3g . Fig. 3h shows the low energy part of the spectrum collected at H = 6.75 T, T = 0.35 K, as projected over all of reciprocal space, with the two contributions overlapping. The separated symmetric and anti-symmetric contributions are shown in Fig. 3i and j, respectively.
Using this approach and integrating the data over q , we obtain the local dynamic structure factor S ⊥ − (ω). The results for three temperatures T = 0.35, 0.75, 2.5 K obtained at H = 6.5 T (almost exactly at H c ) are plotted in symbols in the scaling plot Fig. 4 , using three different values of the scaling exponent b. The value of b that produces the best data collapse was obtained as in the analysis of specific heat, using a 5 th degree polynomial fit. The resulting magnitude of the data mismatch χ 2 is plotted in the inset of Fig. 4 . From its minimum we determine b = 0.57(10), which is within the error bar of the theoretical value b = 1/2. Disregarding this difference we can consider the scaling plot with b = 1/2 to be our experimental measurement of the scaling function Φ(x) in Eq. 3. We note, that the experimental data both covers the range ω > k B T which essentially reflects zero temperature properties of a dilute bose gas, as well as the quantum relaxational regime ω < k B T where magnons strongly interact with thermally excited partners [8] .
The main result of this work is that the measured scaling function is in excellent agreement with the exact result for this class of phase transitions (solid line in Fig. 4 ) that was evaluated numerically following Refs. [10, 20, 23] . The comparison to the arbitrarily normalized neutron scattering data was obtained by only fitting an overall scale factor (vertical shift along the logarithmic ordinate). In this, our result differs from previous studies of scaling of the dynamic structure factor in spin chains [38, 39] and ladders [40] , which all focused on the z = 1 Tomonaga-Luttinger liquid regime. For that situation the scaling function is also known exactly, but explicitly depends on the Luttinger parameter, which in turn depends on the applied magnetic field and the magnitude of XXY anisotropy in the system. In contrast, in the present case of z = 2 quantum criticality, to apply the exact theoretical result, we did not require any information about BPCB other than it being onedimensional, free of magnetic anisotropy and having a quadratic magnon dispersion relation at the transition.
Our work is entirely devoted to the universal lowenergy critical excitations in the system. Nevertheless, as a side note, we would like to draw the reader's attention to a peculiar non-universal spectral feature that emerges in a slightly magnetized ladder, i.e., at elevated fields or temperatures. Specifically, we observe a distinct splitting of the middle triplet band at its maxima and a "sharpening" of the dispersion in one of the emerging modes. Further work, particularly numerical simulations, will be required to understand this behavior. At the present stage we may only suggest that the appropriate language to describe it may be found in the mapping of an insulating spin ladder to the one-dimensional t − J model [33] . In this construct the singlet and lower triplet states correspond to effective spin states, while the middle triplet excitations are treated as holes. The emergent additional branch may then be a bound state in this model, but clearly only additional in-depth studies will fully clarify this issue. I summary, long standing exact theoretical results for the universal finite-temperature scaling behavior of both specific heat and the local dynamic structure factor at the z = 2 d = 1 quantum critical point have been confirmed experimentally.
SUPPLEMENTAL MATERIAL Determination of the critical field
Inelastic neutron scattering measurements of the magnon dispersion have been performed at various values of magnetic field. From these measurements the spin gap is determined. From a linear fit of the spin gap vs. applied magnetic field, we find H c = 6.66(6) T and g = 2.16(3) in agreement with previously published estimates [27] .
Triplet dispersion and quasi-particle mass 
Fitting this dispersion to our neutron scattering data, we find good agreement for J Leg /k B = 3.54(3) K and J Rung /k B = 12.67(6) K (γ = 0.28) as shown in Fig. 5 . These estimates are fully consistent with previously published values [27] . In the vicinity of the parabolic minimum at q = π, we thus obtain
where J Min /k B = 5.07(10) K is the band curvature and m = 2 /J Min the triplet quasi-particle mass. 
